The optimal regimen intensity before allogeneic hematopoietic cell transplantation (HCT) is unknown. We hypothesized that lower treatment-related mortality (TRM) with reduced-intensity conditioning (RIC) would result in improved overall survival (OS) compared with myeloablative conditioning (MAC). To test this hypothesis, we performed a phase III randomized trial comparing MAC with RIC in patients with acute myeloid leukemia or myelodysplastic syndromes.
INTRODUCTION
Hematopoietic cell transplantation (HCT) was originally used in acute myeloid leukemia (AML) to treat patients for marrow aplasia resulting from high-dose radiotherapy and chemotherapy, administered with curative intent. Subsequent studies demonstrated that donor-derived cells exerted a potent immunologic antileukemic effect, termed graft versus leukemia (GVL), which contributed to cure. Although HCT can cure AML, high-intensity preparative regimens (ie, myeloablative conditioning [MAC]) lead to considerable toxicity and treatment-related mortality (TRM). This prompted development of reduced-intensity conditioning (RIC) regimens with less toxicity. RIC relies more on GVL and less on cytotoxic effects for efficacy. RIC was originally developed for older and less fit patients considered intolerant of MAC. However, RIC use has increased dramatically, now accounting for 40% of allogeneic HCT in the United States, including many patients considered candidates for MAC. 1 Several groups have described RIC strategies providing donorcell engraftment and GVL responses. [2] [3] [4] [5] Retrospective studies comparing MAC with RIC in patients with AML or myelodysplastic syndromes (MDS) have suggested that RIC is associated with increased relapse but reduced TRM, resulting in similar overall survival (OS), despite patients receiving RIC being, on average, older and less fit. [6] [7] [8] [9] [10] [11] [12] [13] [14] Patients receiving RIC for AML in first or second remission have 5-year survival rates of approximately 40%, considered favorable given the median patient age of 60 years. 15 A prospective age-adapted strategy for adults with AML showed no difference in OS between MAC and RIC. 16 Age is among many factors considered to select for RIC versus MAC, thus complicating the interpretation of nonrandomized studies. Consequently, the Blood and Marrow Transplant Clinical Trials Network (BMT CTN) conducted a phase III randomized trial comparing RIC and MAC in patients with AML or MDS and , 5% marrow myeloblasts pre-HCT. We hypothesized that RIC would result in an improvement in OS given the lower TRM compared with MAC.
PATIENTS AND METHODS

Study Design
A phase III randomized trial comparing RIC with MAC in patients with AML or MDS was conducted through the BMT CTN. The protocol is available on the BMT CTN Web site (protocol 0901). The institutional review boards of participating centers approved the protocol; all patients signed informed consent. An independent data and safety monitoring board (DSMB) appointed by the National Heart, Lung, and Blood Institute oversaw the trial. Patients were randomly assigned at a one-to-one ratio to either MAC and RIC using permuted blocks of random sizes with stratification by center. Patients and physicians were informed of the random assignment. However, study investigators assigned to evaluate end points were blinded to each participant's random assignment.
Patients
Participants had a WHO-defined diagnosis of AML or MDS, 17 were undergoing a first HCT, and had , 5% marrow myeloblasts pre-HCT. 18 Patients were 18 to 65 years of age and had an HLA-A, -B, and -DRB1 (6/6) -matched sibling donor or a $ 7/8 HLA-A, -B, -C, and -DRB1-matched unrelated donor and an HCT comorbidity index # 4. 19 In AML, a composite definition of high risk included unfavorable risk cytogenetics according to the Eastern Cooperative Oncology Group/SWOG cytogenetic classification schema, 20 presence of FLT3 mutation regardless of cytogenetic abnormalities, or three or more complete remissions. High-risk MDS was defined as patients with intermediate-II or high-risk disease per the International Prognostic Scoring System. 21 
Conditioning Regimens and Immune Suppression
The RIC regimens were fludarabine (120 to 180 mg/m 2 ) with busulfan (# 8 mg/kg orally or 6.4 mg/kg intravenously; Flu/Bu2) or melphalan (# 150 mg/m 2 ; Flu/Mel). The MAC regimens were busulfan (16 mg/kg orally or 12.8 mg/kg intravenously) with cyclophosphamide (120 mg/kg) or fludarabine (120 to 180 mg/m 2 ; Flu/Bu4) or cyclophosphamide (120 mg/kg) and total-body irradiation (12 to 14.2 Gy). Each center selected one preferred MAC and RIC regimen. Graft-versus-host disease (GVHD) prophylaxis included methotrexate 10 to 15 mg/m 2 on day 1 and 5 to 10 mg/m 2 on days 3, 6, and 11 administered with cyclosporine or tacrolimus or tacrolimus with sirolimus or cyclosporine with mycophenolate mofetil. Experimental GVHD therapies were allowed provided they included a calcineurin inhibitor and no post-HCT cyclophosphamide or T-cell depletion. Antithymocyte globulin was allowed; however, its use was declared pre-random assignment, and it was administered regardless of conditioning intensity. Stem-cell sources were bone marrow or peripheralblood stem cells. Supportive care including growth factors and transfusion support was provided per institutional guidelines. In addition to regular clinic visits, patients had study-related visits weekly for the first 12 weeks and at 100 days, 6 months, and 12 months. Bone marrow aspirates or biopsies were performed at 100 days and 18 months and as clinically indicated. Toxicity assessments occurred at days 28, 56, and 100 and at 6, 12, and 18 months.
Outcomes
The primary end point was OS difference at 18 months post-random assignment, compared pointwise and assessed on an intent-to-treat basis. This end point accommodated potential higher early TRM with MAC versus potential higher relapse-related mortality with RIC, resulting in the possibility of nonproportional hazards.
Secondary objectives included relapse-free survival (RFS), TRM, absolute neutrophil count (ANC) and platelet recovery, kinetics of donorcell engraftment, graft failure, GVHD, grade 3 to 4 toxicities, infections, and quality of life. Failure for RFS was considered a failure if a patient died, experienced relapse, or were treated for relapse.
Acute and chronic GVHD were graded according to the BMT CTN Manual of Procedures. The first day of acute GVHD of a certain grade was used to calculate cumulative incidence curves for that GVHD grade. Additional end points are described in the Appendix (online only).
Primary cause of death was adjudicated using previously described criteria. 22 All reviewers who assigned cause of death were blinded to random assignment. When relapse occurred, it was considered the primary cause of death regardless of other events.
Statistical Analysis
The primary null hypothesis, no difference in OS 18 months post-random assignment, was assessed using the difference in Kaplan-Meier estimates. The calculated sample size was 356 (178 per treatment arm). Assuming 3% loss to follow-up 18 months post-random assignment, complete survival information would be available for 346 patients. Even with 3% loss to follow-up, the targeted sample size of 356 was sufficient to maintain type I error of 5% across all planned interim analyses while providing 80% power for a two-sided test to detect an increase in 18-month OS from 45% with MAC to 60% with RIC. This sample size provided sufficient power to detect a 15% increase in 18-month OS between treatment arms.
The DSMB conducted interim analyses for efficacy using an O'Brien-Fleming boundary at 19%, 45%, and 71% information for OS. Because of early closure of accrual, the remaining type I error was spent at final analysis; a nominal two-sided P value of , .049 was considered significant for the primary end point. Demographic and baseline characteristics were described for MAC and RIC using frequencies and medians and ranges. A preplanned secondary analysis included outcomes based on disease (AML v MDS). Kaplan-Meier estimates of 18-month RFS were compared between MAC and RIC. Cumulative incidences of TRM (with relapse as a competing risk), relapse (with death in first post-HCT remission as a competing risk), and acute and chronic GVHD (with death 6 relapse as a competing risk) were compared between MAC and RIC using Gray's test. Cumulative incidences of ANC recovery at 28 days and platelet recovery at 60 days were compared pointwise. Donor chimerism at 100 days and 18 months was categorized as full (. 95%), mixed (5% to 95% donor cells), graft rejection (, 5%), or death before assessment of donor chimerism; these were compared at each time point using the x 2 test. Cox proportional hazards models were used in planned secondary analyses for OS, RFS, TRM, relapse, and GVHD; nonproportional hazards were assessed, but there was minimal evidence of this, so hazard ratios (HRs) are provided as a summary measure, along with adjusted survival estimates using stratification on treatment. Treatment, disease risk, and donor type jco.org were forced into all models, and stepwise variable selection was used to identify variables with strong effects for inclusion. Prespecified subgroup analyses of OS were conducted using interaction tests in the Cox model and forest plots for the HRs. Analyses of OS, relapse, TRM, and RFS were conducted by intent to treat. All other end points were assessed in patients completing the assigned treatment (n = 265). Statistical analyses were performed with SAS software (version 9.3; SAS Institute, Cary, NC), and cumulative incidence analyses were performed with R software (version 2.15.1; R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Enrollment
The study opened on June 2, 2011, and closed to accrual on April 10, 2014, as recommended by the DSMB because of a large difference in RFS favoring MAC, although there were no prespecified stopping boundaries for RFS. Overall, 285 patients were screened, and 272 patients were enrolled; 135 were randomly assigned to MAC and 137 to RIC (Fig 1) . Enrollment occurred at 32 transplantation centers across the United States. The highest accruing center enrolled 40 patients; 13 centers enrolled less than five patients. Four patients randomly assigned to MAC and five patients randomly assigned to RIC did not receive the assigned HCT. All participants were included in the primary end point analysis irrespective of whether they received allocated HCT. Patient and transplantation characteristics are summarized in Table 1 .
Engraftment
ANC did not decline below 0.5 3 10 9 /L in five patients (MAC, n = 1; RIC, n = 4). The cumulative incidence of ANC recovery at day 28 was 98.5% with MAC and 97.75% with RIC. The median time to ANC . 0.5 3 10 9 /L was 15 days with MAC and 19 days with RIC (P = .002). The platelet count did not decline below 20,000/mL in 66 patients (MAC, n = 13; RIC, n = 53). The cumulative incidence of platelet recovery (. 20,000/mL) at day 60 was 95.5% with MAC and 96.2% with RIC. The median time to platelet recovery was 16 days with MAC and 13 days with RIC (P = .065). There was one primary graft failure and one secondary graft failure among patients receiving MAC and three primary and four secondary graft failures among patients receiving RIC (P = .17). There were significant differences in complete donor engraftment and mixed donor chimerism at days 28 and 100, but not at day 540 (Appendix Table A1 , online only).
GVHD
With death as a competing risk, the cumulative incidence of grade 2 to 4 GVHD at day 100 was 44.7% (95% CI, 36% to 53%) with MAC and 31.6% (95% CI, 23.8% to 39.6%) with RIC (P = .024). The cumulative incidence of grade 3 to 4 GVHD at day 100 was 13.6% (95% CI, 8% to 20%) with MAC and 6.8% (95% CI, 3% to 12%) with RIC (P = .066). The cumulative incidence of chronic GVHD at 18 months post-HCT was 64% (95% CI, 55% to 71.7%) with MAC and 47.6% (95% CI, 38.8 to 58.8) with RIC (P = .019). Among patients who received MAC, there were 40, 33, and 12 who developed mild, moderate, and severe chronic GVHD, respectively. Among patients who received RIC, there were 34, 17, and 12 who developed mild, moderate, and severe chronic GVHD, respectively. When treating both death and relapse as competing risks, the cumulative incidence of grade 2 to 4 GVHD at day 100 was 44.7% (95% CI, 36% to 53%) with MAC and 28.6% (95% CI, 21% to 36%) with RIC (P = .006). The cumulative incidence of grade 3 to 4 GVHD at day 100 was 14.4% (95% CI, 9% to 21%) with MAC and 3.8% (95% CI, 1% to 8%) with RIC (P = .003). The cumulative incidence of chronic GVHD at 18 months post-HCT was 65.6 (95% CI, 57% to 73%) with MAC and 36.9% (95% CI, 28% to 45%) with RIC (P , .01).
OS and RFS
OS at 18 months was 77.5% (95% CI, 69.4% to 83.7%) with MAC and 67.7% (95% CI, 59.1% to 74.9%) with RIC (Fig 2A) . The pointwise difference in OS at 18 months did not reach statistical significance (9.8%; 95% CI, 20.8% to 20.3%; P = .07). Subgroup analyses evaluated comparisons between specific conditioning regimens. The most common MAC regimen was Trial profile. ITT, intent to treat; MAC, myeloablative conditioning; RIC, reduced-intensity conditioning. (*) One patient received an RIC regimen, one patient did not proceed to hematopoietic cell transplantation (HCT) because of physician decision, one patient experienced relapse before conditioning, one patient withdrew consent after random assignment and did not undergo HCT; this latter patient was censored at the time of consent withdrawal. ( †) One patient received a MAC regimen, and four patients experienced relapse before HCT and did not undergo HCT.
Flu/Bu4; the most common RIC regimen was Flu/Bu2. The difference in OS favoring Flu/Bu4 over Flu/Bu2 (10.8%; 95% CI, 22.7% to 24.3%) was not statistically significant. Neither subgroup analyses nor Cox regression showed a significant interaction between specific RIC or MAC regimens with OS, although numbers of patients receiving individual regimens were small, limiting power (Appendix Fig A1, online only) .
RFS at 18 months was 67.8% (95% CI, 59.1% to 75%) with MAC and 47.3% (95% CI, 38.7% to 55.4%) with RIC (P , .01; Fig 2B) . An 18-month pointwise comparison showed a difference in RFS of 20.4% (95% CI, 8.9 to 32) in favor of MAC. Among patients with AML, 18month RFS was 65.2% (95% CI, 55.3% to 73.4%) with MAC and 45.3% (95% CI, 35.8% to 54.3%) with RIC (P = .003). Among patients with MDS, 18-month RFS was 77.8% (95% CI, 57.1 to 89.3) with MAC and 55.6% (95% CI, 35.2% to 71.8%) with RIC (P = .07).
Among patients with AML, 18-month OS was 76.4% (95% CI, 67.1% to 83.4%) with MAC and 63.4% (95% CI, 53.6% to 71.6%) with RIC (P = .035; Fig 3A) . Among patients with MDS, 18-month OS was 81.5% (95% CI, 61.1% to 91.8%) with MAC and 85.2% (95% CI, 65.2% to 94.2%) with RIC (P = .175; Fig 3B) . There was no statistically significant interaction between disease (AML v MDS) and treatment effects (P = .71).
Relapse
Eighteen patients randomly assigned to MAC experienced relapse compared with 66 patients randomly assigned to RIC, for a cumulative incidence at 18 months of 13.5% (95% CI, 8.3% to 19.8%) and 48.3% (95% CI, 39.6% to 56.4%), respectively (P , .001; Fig 2A) . Among patients with AML, cumulative incidence was 15.9% (95% CI, 9.7% to 23.5%) with MAC and 51% (95% CI, 41.2% to 60%) with RIC ( Fig 3A) . Among patients with MDS, cumulative incidence was 3.7% (95% CI, 0.3% to 16.3%) with MAC and 37% (95% CI, 19.2% to 55%) with RIC ( Fig 3B) .
TRM, Toxicities, and Infections
TRM occurred in 22 patients randomly assigned to MAC and eight randomly assigned to RIC. The 18-month post-random ‡Protocol-defined high risk: AML with unfavorable risk cytogenetics (MAC, n = 25; RIC, n = 31), FLT3 mutation regardless of accompanied cytogenetic risk (MAC, n = 22; RIC, n = 18) or complete remission $ 3 (RIC, n = 1); MDS with intermediate-II or high risk per International Prognostic Scoring System at diagnosis (MAC, n = 7; RIC, n = 11).
jco.org assignment incidence was 15.8% (95% CI, 10.2% to 22.5%) and 4.4% (95% CI, 1.8% to 8.9%), respectively (P = .002; Fig 4) . The most common adverse events were mucositis and abnormal liver function with MAC versus abnormal liver function and dyspnea with RIC (Appendix Fig A2, online only) . Infectious complications were comparable in both treatment arms (Appendix Table A2 
Causes of Death
Causes of death are summarized in Table 2 . Thirty of 135 patients randomly assigned to MAC died; GVHD was the primary cause of death (50%) followed by relapse (33.3%). Forty-four of 137 patients randomly assigned to RIC died; relapse was the primary cause of death (86.4%).
Multivariable Analysis
Cox proportional hazards were used to calculate HRs and end point estimates, adjusting for disease risk and donor type. The HR for mortality with MAC versus RIC was 0.64 (95% CI, 0.38 to 0.98; P = .065). The difference in adjusted 18-month OS was 9.2% (P = .085). The HR for treatment failure (relapse or death, inverse of RFS) was 0.47 (95% CI, 0.32 to 0.69; P , .001). The difference in adjusted 18-month RFS was 19.4% (P = 0.001). Relapse remained significantly lower, and acute and chronic GVHD significantly higher, with MAC in multivariable analyses. Multiple covariates were assessed to identify a subset benefiting from MAC or RIC. Among multiple factors examined, diagnosis of AML (interaction P = .2), presence of high-risk disease (interaction P = .194), and HCT comorbidity index of 0 (interaction P = .211) showed a significant OS benefit with MAC (Appendix Fig A1) .
DISCUSSION
We hypothesized that a reduction in TRM with RIC would improve OS. TRM was significantly lower among patients in the RIC arm (4.4% v 15.8%), but this difference was less than expected and offset by substantial differences in relapse. OS was inferior in patients receiving RIC, even though the difference did not reach statistical significance. The sample size was reduced as a result of DSMB safety concerns, resulting in decreased power to detect a difference. The difference in OS was significant in patients with AML but not MDS. Additional follow-up is warranted because mortality in patients experiencing relapse who were still alive at the time of data closure is expected to be high. Prior data suggest that patients who experience relapse within 18 months of HCT for AML or MDS have a 2-year OS of only 9% to 14%. 23 The DSMB halted accrual because of a presumed benefit for MAC. Preset boundaries for early termination as a result of OS differences were in place for guidance, but stopping rules for relapse or TRM were not included in the trial design, because RIC was expected to result in higher rates of relapse and MAC in higher rates of early TRM. However, the discrepancy in relapse rate exceeded what was anticipated, and the trial was halted because of ethical concerns rather than statistical considerations. An earlier phase III randomized trial compared conditioning intensity in patients with AML in first remission (MAC, n = 96; RIC, n = 99). 24 All patients received a total-body irradiation-based regimen (RIC, 8 Gy; MAC, 12 Gy). There were no significant differences in 3-year TRM (13% v 18%), relapse (28% v 26%), or OS (61% v 58%) after RIC versus MAC, respectively. However, the statistical power was limited. This study was also closed before full accrual; however, it was closed because of poor accrual rather than differential outcomes.
The fundamental question of whether to select an MAC or RIC regimen in patients who could tolerate either is answered by our trial. Patients receiving RIC regimens had a substantially higher relapse rate than those receiving MAC but only a modest decrease in TRM. The lower antileukemia efficacy was likely a result of lower cytotoxicity, but lower rates of GVHD and GVHD-associated GVL effects might have contributed. 25 NOTE. There were no deaths before day 28; the earliest death was on day 54 post-random assignment. There were 21 deaths reported after 18 months post-random assignment. For the MAC arm, four patients died as a result of relapse; two, GVHD; one, infection; one, organ failure; and one, secondary malignancy. For the RIC arm, five patients died as a result of relapse; two, GVHD; one, infection; one, organ failure; and three, unknown causes. Abbreviations: GVHD, graft-versus-host disease; MAC, myeloablative conditioning; RIC, reduced-intensity conditioning. *Nine patients who experienced relapse after MAC were alive at 18 months.
†28 patients who experienced relapse after RIC were alive at 18 months.
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One challenge is identifying younger, fitter patients who would benefit from RIC without experiencing an excessive relapse risk. Our study targeted patients with , 5% marrow myeloblasts pre-HCT; however, highly sensitive techniques such as flow cytometry or polymerase chain reaction-based assays to screen for minimal identifiable disease were not required. 28 The risk for relapse in patients with minimal identifiable disease is particularly high after RIC. 29 Furthermore, 42% of the patients had disease considered high risk for post-HCT relapse based on genetic features. 30, 31 Several compromises were required to assure adequate enrollment, including options for RIC and MAC. Screening questionnaires from participating centers in the BMT CTN indicated that the two most common RIC regimens were Flu/Bu2 and Flu/Mel, and a retrospective comparison indicated no difference in OS between the two regimens. 32 Subgroup analysis and interaction tests showed no differential effect on OS based on choice of RIC regimen in our trial; however, only 21 patients received Flu/Mel, thus limiting our ability to specifically evaluate this regimen.
Our 32. Shimoni A, Hardan I, Shem-Tov N, et al: Comparison between two fludarabine-based reduced-intensity conditioning regimens before allogeneic hematopoietic stem-cell transplantation: Fludarabine/melphalan is associated with higher incidence of acute graft-versus-host disease and non-relapse mortality and lower incidence of relapse than fludarabine/busulfan. Leukemia 21:2109-2116, 2007 
